The Total Algae Peak Integration Retrieval TAPIR relates the chlorophyll-a absorption 1 coefficient at 440 nm (a440) to the reflectance peak near 683 nm induced by chlorophyll-a properties.
Introduction

21
The space-borne observation of natural waters is mainly limited by three factors: Firstly, strong 22 water absorption restricts passive remote sensing to the visible spectrum (VIS) mostly preventing the 23 application of available measurement bands in the near infrared or beyond. Figure 1 . Details of simulated TOA reflectance R = L u /E d for increasing absorption coefficients a440 (indicated by symbols) within 660 nm to 750 nm. a) Effective fluorescence peak, b) shift of the maximum reflectance R(λ P ) towards longer wavelengths (redshift), and c) shape and amplitude of the fluorescence peak relative to the signal wavelength λ P and the local maximum R(λ P ). The symbols in panels a), b) and c) correspond to the legend in panel b).
which mainly combines water and phytoplankton absorption in the visible, exhibits a local minimum 127 from 675 nm to 685 nm. In comparison to the sourrounding spectrum, the absorption minimum 128 facilitates the transition of upwelling light which appears as peak in the reflectance spectrum. For 129 increasing a440, the part of the water absorption becomes less important and the effective peak appears 130 to be shifted towards longer wavelengths ( fig. 1b ). There are constant peak wavelengths of 680 nm due 131 to a hardly detectable or unapparent peak for low a440 (e.g. R(λ; a440 = 0.1 m −1 ) in fig. 1a ) and the 132 maximum at 680 nm of the decreasing reflectance within this spectral range.
133
Figure 1c reveals the relative shape of the effective peak for increasing a440. The peak enlarges 134 with increasing a440 due to increased phytoplankton scattering and fluorescence but its slope narrows 135 due to i) phytoplankton reabsorption near 670 nm and ii) water absorption. 136 i). The local chlorophyll-a absorption maximum spectrally expands for higher a440 and reabsorbs 137 emitted fluorescence and scattered radiation. Therefore, the maximum of the peak appears to be 138 shifted towards longer wavelengths and the slope of the peak's left (blue) edge raises.
139
ii). The peak becomes spectrally broad due to high phytoplankton scattering and fluorescence 140 induced by high a440 and extends to the longer wavelengths beyond 690 nm where the water 141 absorption rapidly increases. The emitted light from the fluorescence process and the phytoplankton 142 scattering is reabsorbed from water absorption and the peak's right (red) edge becomes steeper.
143
These two spectral mechanisms are independent and their impact is nonuniform resulting in 144 different peak shapes for increasing a440.
145
In conclusion, the peak near 683 nm describes both the phytoplankton fluorescence and the 146 phytoplankton scattering. For an increasing phytoplankton absorption constraining the fluorescence 147 and scattering, the peak exhibits i) an increasing magnitude, ii) a shift towards longer wavelengths,
148
iii) an increasing spectral width, and iv) a squeezed slope. Therefore, in this study, the estimation 149 of the chlorophyll-a properties account for magnitude, shape and spectral position of the peak by a 150 spectral integration. Correlating the Total Algae Peak TAP in section 2.2 from simulated reflectance 151 spectra and the corresponding absorption coefficient a440, the Total Algae Peak Integration Retrieval 152 TAPIR is developed.
Total Algae Peak (TAP)
154
In order to obtain the chlorophyll-a properties expressed by TAP, only reflectance residuals shown 155 as shaded areas in fig. 2 are used. Therefore, teh reflectance is reduced by a spectrum dependent 156 constant R(λ 1 ) located at the local reflectance minimum λ 1 within 665 nm to 678 nm (eq. (1)) accounting 157 for the local phytoplankton absorption maximum near 670 nm. The lower integration limit λ 1 hardly 158 spectrally shifts for increasing a440.
159
The upper integration limit is definded with λ 2 where R(λ 1 ) equals R(λ 2 ) (eq. (2)). Afterwards, 160 the reduced reflectance is integrated within λ 1 and λ 2 in eq. (3) to retrieve TAP.
In contrast to FLH retrievals using a spectrally falling baseline, a baseline is computed without 162 slope (eqs. (1) and (2)). The slope of the FLH baseline highly depends on the peak's shape and the 163 surrounding spectrum which can lead to a strong over-or underestimation of fluorescence. However,
164
the TAP is not solely correlated to the fluorescence but also the phytoplankton scattering. The TAP
165
baseline indicated with LW in fig. 2 is only dependent on one free parameter λ 1 and the baseline's 166 spectral length highly varies. Thus, TAP accounts for the changing spectral shape of the peak for 167 different a440.
168
Additionally, using an interpolation on given simulated wavelengths or sensor bands, i) the 169 accuracy of λ 2 and also TAP is increased, and ii) the number sensor of channels becomes less important. vary with the phytoplankton amount and a series of variables in the water and the atmosphere. Table 1 176 lists a selection that is used in this study.
177
The technique enables us to retrieve a440 from space-borne, air-borne or in situ reflectance 178 measurements. TAPIR is a fast regional independent algorithm to retrieve the chl-a proxy a440 in 
Sensitivity analysis
211
Using the MOMO simulations, retrieved reference TOA TAPs are linked with corresponding a440
212
(solid lines in fig. 3 ) and the variations of TAP (dashed lines) due to varied parameters p (table 1) .
213
According to eq. (4), a power function expresses the TAPs of the TOA reflectance R = L u /E d with a 214 power function:
The reference TAPIR function f ref increases linearly with increasing a440 up to 0.2 sr −1 nm in fig. 3 216 and for low a440 it is non-linear or zero. 
∆p for parameter a ph is computed with the maximum absorption at 670 nm from the normalized 221 absorption spectra ( fig. 5a ). Demonstrating the impact of reduced bands, a change in the measurement 222 location, and the standard atmospheres, ∆p = 1 applies for EnMAP, BOA, and atm. The Jacobians are iii). MOMO parameterises phytoplankton using a given normalised phytoplankton absorption The current absorption coefficient remains equal whereas the phytoplankton scattering coefficient 253 increases or decreases, respectively. Thus, an increasing ω 0 induces an increased extinction coefficient.
254
The spectra NechadMIN and NechadMax are averaged from normalized HydroLight absorption They vary in magnitude and width of the local absorption maximum at 670 nm and the spectral shape
257
(e.g in the blue visible range in fig. 5a ).
258
TAPIR is strongly sensitive to the underlying absorption spectrum (figs. 3g, 4g and 5a). The lower 259 the absorption spectrum beyond 550 nm the faster rises the slope of the TAPIR function with increasing 260 a440 due to an increased scattering ( fig. 5b ). 
slope of the TAPIR function ( fig. 3k ) but due to low Jacobians in fig. 4k 
In conclusion, TAPIR is mainly sensitive to a440 and the phytoplankton optical properties
286
(single scattering albedo, the underlying absorption spectrum, and the efficiency), which suggests the 287 opportunity of distinguishing different phytoplankton types. The application of various phytoplankton 288 type dependent absorption spectra may result in variants in TAPIR due to slightly shifted absorption 289 maxima and intensities. Unfortunately, the aot influence cannot be neglected due similar magnitudes 290 of the TAPIR function and the corresponding Jacobians and must be considered with an atmospheric 291 correction. 
Uncertainty Assessment
293
TAPIR supports the estimation of the phytoplankton amount proxy a440. Thus, the reference TOA
294
TAPIR function from eq. (4) is inverted to f −1 and an uncertainty propagation for a440 is conducted.
295
Assuming uncorrelated variables, eq. (9) computes the uncertainty σ a . The deviation of f −1 depends 296 on i = 3 variables x: The fitting coefficients c 0 and c 1 and the TAP per a440.
Equation (9) 
300
The uncertainty σ a additionally depends on the accuracy of the TAP computation with eq. (3).
301
The TAP deviates with varied parameters from table 1 and the selection of the integration limits λ 1 302 and λ 2 . The parameters SZA, number of measurement bands (e.g. EnMAP), and the measurement 303 location (e.g. at the surface (BOA)) are excluded because they can be considered previously to the 304 TAPIR function development. The TAP uncertainty σ TAP for j parameters p is computed with eq. (10) .
The summands of eq. (10) with g(a440) in section 3.1 and for a ph we extract the 670 nm absorption coefficient from the normalised 309 spectra "Doerffer" and "NechadMIN" (fig. 5a ). The deviation ∆p j is the difference between parameter p j,re f and its variation p j,var . We set ∆p atm to 311 1 because the parameter atm contains vertical profiles. We conservatively choose parameter dependent 312 uncertainties σ x from literature or assume reasonable values. Analogous, fig. 6b shows the σ 2 a summands (black lines) from eq. (9) and the final squared 318 uncertainty for a440 (grey) which mainly consists of the variation of TAP. Therefore, the accuracy of 319 a440 primarily depends on the parameterisation of phytoplankton.
320
Generally, σ 2 a increases exponentially with increasing a440 and ranges from approximately (7) and (11) (11)) with a raised slope based on the TAPs from InW in a).
efforts. Unfortunately, the measurements only provide re-calculated a440 (see section 4.1) up to 341 1 m −1 . However, the calculated TAPs from measured hyperspectral reflectance spectra are closely 342 located to the retrieved TAPIR BOA function (black solid line in fig. 7a ).
343
In fig. 7a , there are 55 of 92 and 25 of 48 zero TAPs of InW (grey squares) and NoS (black triangles), fig. 7a ) is developed. The slope of the function is raised compared to the BOA function. OACs.
363
The chl-a retrieved from TAPIR (triangles and squares with error bars in fig. 7c ) is blurrier than the 364 OC4 chl-a for chl-a measurements below 10 mg m −3 but still exhibits a good estimation. For larger chl-a,
365
TAPIR overestimates chl-a with the current TAPIR BOA from eq. (7) but in contrast to OC4, TAPIR is able to reproduce higher chl-a according to the 1:1 line. The maximum a440 for this data set is less than 367 1 m −1 and section 3.3 shows higher uncertainties for absorption coefficients below 0.8 m −1 . However,
368
TAPIR reproduces sufficient chl-a estimations for the North Sea (grey squares in fig. 7c ).
369
Applying the empirical TAPIR InW BOA function (eq. (11) and dashed line in fig. 7a ), the retrieved 370 TAPIR chl-a (bullets with dashed error bars) in fig. 7c closely approach the 1:1 line.
371
The deviation from measured chl-a may occur due to the following issues. The TAPIR 372 function in eq. (7) 
377
In order to assign the retrieved TAPs to a440 in fig. 7a , it was necessary to convert the measured 378 chl-a to a440 applying a bio-optical model which likely adds additional uncertainties.
379
However, we highly recommend TAPIR for usage in optically complex waters due to the ability 380 to retrieve low and high chl-a in the presence of additional OACs. 
Discussion
382
In an algae cell, the processes photosynthesis, dissipation, and fluorescence antagonistically either due to more chl-a or the reduction of one or both of the other processes. Among others, the 388 fluorescence process depends on the algae type, physiology, health, and environmental conditions.
389
The study focuses on an increase of fluorescence due to an increase of chl-a and a440, respectively. properties.
395
Section 3 demonstrates the applicability of TAPIR which is influenced by various parameters (see 396   table 1 ). TAPIR provides advantages by "catching" the total effective peak with its variable magnitude, 397 location, and shape.
398
In contrast to FLH, TAPIR exhibits a monotonically increasing slope with increasing a440 and chl-a, 399 respectively, obviating ambiguous a440 and assimilates to the natural behaviour of the effective peak 
